Polo-like kinase 1 (Plk1) is a mitosis-specific serine/threonine kinase that has a critical role in mitosis. [1] [2] [3] It has been shown that Plk1 is required for the activation of cyclin B/CDK1 during the progression of G 2 phase to M-phase, cohesin removal from the arms of chromosomes for sister chromatid separation in mitosis, activation of the APC/C ubiquitin E3 ligase complex, assembly of mitotic spindles, mitotic exit and cytokinesis. [1] [2] [3] Plk1 has been reported to phosphorylate many important cell cycle regulators, such as the components of the cohesin complex, Cdc25C, Myt1 and Emi1. [1] [2] [3] [4] [5] [6] [7] Loss of Plk1 prevents chromosome segregation during mitosis and induces mitotic arrest. [8] [9] [10] [11] Recently, Plk1 has been shown to phosphorylate HBO1, a histone acetyltransferase that regulates the loading of the critical replication licensing protein, CDT1, onto chromatin in mitosis and alteration of HBO1 phosphorylation affects the next round of DNA replication. 12 Plk1 expression is associated with proliferation of cells and it is overexpressed in a variety of cancers, including breast, bladder, prostate, pancreatic, papillary thyroid, ovarian and head and neck cancers, as well as non-small-cell lung carcinomas and non-Hodgkin's lymphomas. [13] [14] [15] [16] The overexpression of Plk1 is often associated with poor prognosis and low overall survival. Downregulation of Plk1 activity, either by siRNA-or Plk1-specific chemical inhibitors, has been shown to prevent cell proliferation in cancer cell lines or in tumor xenografts. 17, 18 Plk1 thus represents a promising therapeutic target for cancer intervention.
Plk1 is activated by phosphorylation at its threonine 210 (T210), but the kinase(s) that phosphorylates Plk1 T210 remains elusive. Recently, it was found that Aurora A kinase, another critical mitotic serine/threonine kinase, together with Bora, phosphorylates T210 in Plk1 to activate Plk1 during S phase to G 2 /M transition. 19, 20 Aurora kinases (Aurora A and Aurora B) are key mitotic regulators that are involved in centrosome duplication, formation of bipolar mitotic spindle, chromosome alignment in mitotic spindles and spindle checkpoint control. 21, 22 The gene encoding Aurora A kinase is frequently amplified in human colorectal cancers and other cancers, and the Aurora kinase proteins are also overexpressed in many human cancers. 23, 24 Expression of Aurora A kinase in normal cells is sufficient to induce genome instability and oncogenic transformation. 23, 24 The involvement of Aurora kinases in activating Plk1 suggests that the inhibitors of Aurora kinases may be used for human cancers that overexpress Plk1. To evaluate this possibility, we have developed a new Plk1 inhibitory chemical and analyzed the effects of Plk1 and Aurora kinase inhibitors.
The newly developed kinase inhibitory chemical CBB2001 efficiently inhibits Plk1 kinase activity both in vitro and in vivo, with an IC 50 of 0.85 mM for tumor cell growth inhibition. CBB2001 also induces mitotic 'polo' phenotype in various types of cancer cells, which is associated with Plk1 protein accumulation and appearance of the modified band of Geminin, an endogenous inhibitor of DNA replication licensing protein CDT1. These phenotypes, which are quite distinct to the inhibition of Aurora kinase, may all be used to specifically define the in vivo inhibitory activity of CBB2001, or other Plk1 inhibitory chemicals. In addition, mitotic inhibition of Plk1 by CBB2001 delays the exit of mitosis, which was revealed by delayed removal of APC/C substrates, such as Geminin, Cyclin B1 and Aurora A. Although CBB2001 shows good inhibitory activity in various tumor cells, it exerts less toxic effects on normal cells. Finally, we confirmed the tumor inhibitory activity of CBB2001 in tumor xenograft models, indicating its promising potential to be anti-cancer chemicals.
MATERIALS AND METHODS Cell Culture, Synchronization and Microscopy
Human lung carcinoma A549, cervical carcinoma HeLa, and transformed embryonic kidney 293T cells, mouse teratocarcinoma F9 cells, mouse embryonic fibroblasts (MEF), and normal liver NCTC1469 and Chang cells were grown in DMEM; human colorectal carcinoma HCT116, rhabdoid tumor G401 and osteosarcoma U2OS were in McCoy's5a; human ovarian carcinoma A2780, non-small-cell lung carcinoma H1299, breast carcinoma T47D cells and normal liver QSG-7701 cells were in RPMI-1640; ovarian teratocarcinoma PA-1 and colon carcinoma RKO cells were in EMEM media; neuroblastoma SH-SY5Y cells were in ATCC complete medium (a mixture of Eagle's Minimum Essential Medium and Ham's F12 Medium, 1:1), respectively. All media were supplemented with 10% FBS and antibiotics. All cells lines were used according to the protocols of the cell bank, detected for protein markers as p53, Sox2 and cell morphology for validation. Tumor types and cell sources were listed in Supplementary Table S1 .
HeLa cells were synchronized by thymidine (2 mM) or nocodazole (50 ng/ml) as described specifically for each experiment. 25 For serum starvation (G 0 /G 1 block), 26 cells at 40% confluency were washed twice with 1 Â PBS and were subsequently incubated in DMEM plus 0.1% serum for 72 h. The cells were restimulated with 10% serum for cell cycle re-entry. Cell morphology was examined and imaged using a Zeiss Axio Observer A1 microscope equipped with charged coupled device.
Plasmids and Proteins
The kinase domain of human Plk1 (36-343 a.a.), which lacks the amino terminus inhibitory region, and human Aurora A (36-403 a.a.) were fused with the histiditine6 epitope tag in pET28-a ( þ ) vector. 19 The proteins were expressed in E. coli BL21 strain and affinity purified using Ni Sepharose affinity resin (GE Healthcare, UK).
Chemicals and Antibodies
CBB2001 was designed and synthesized using thiazole as the molecular scaffold with procedures described in Supplementary Figure S1 . 27 ON01910 was purchased from Onconova Therapies; LFM-A13 was from Cayman Chemical; VX680 was from Chemie Teck and ZM447439 was from Santa Cruz Technologies, respectively. Calf thymus histone H1 was from Roche Diagnostics and histone H3 was from New England Biolabs. Anti-Cyclin A, CDK2, DDB1 and Geminin antibodies were described previously. [28] [29] [30] The antiPlk1 antibody was from Bethyl Laboratories, anti-PhosphoPlk1 T210 (no. 558400) antibody was from BD Pharmingen, anti-Aurora A antibody (no. 4718) was from Cell Signaling Technologies and anti-Cyclin B1(sc-245) antibody was from Santa Cruz Technologies.
Flow Cytometry Assay
Cells were trypsinized for detachment, centrifuged and rinsed in 1 Â PBS twice, and then fixed in cold 70% ethanol. Before analysis, propidium iodide (10 mg/ml) and RNase A (0.1 mg/ml) were added to the cells for nucleic acid staining. Samples were analyzed in a Flow Cytometry Analyzer (Cytomic FC500, Beckman Coulter) and results were processed with Flowjo software (Treestar).
Cell Growth Inhibition Assays (MTT)
HeLa cells were exponentially grown in 96-well plates and were dosed with various concentrations of Plk1 kinase inhibitory chemicals for 24 h. They were analyzed using the MTT assay by addition of equal amounts of 3-(4, 5-dimethylthiazol-2-yl)-2 and 5-diphenyltetrazolium bromide (0.5 mg/ml) for 4 h to produce formazan in living cells. The reaction products were dissolved by addition of dimethyl sulfoxide and the absorbance of the solutions was measured in Bio-Rad iMark microplate reader. Quadruplicates were performed for each dose of the chemicals. Data procession and graphing (such as IC 50 or EC 50 calculation) were managed with the GraphPad Prism 5 software.
Small RNA Interferences
The human Plk1 siRNAs, AAGGGCGGCTTTGCCAAGT GCTT and AACCAGUGGUUCGAGAGACAG, were described previously 31, 18 The Plk1 shRNA, CGGCAGCGTGCA GATCAACTT, was constructed into the pSuper vector and used as previously described. 32 In Vitro Kinase Assays Recombinant Plk1 or Aurora A kinase protein (0.5 mg) was incubated with or without various Plk1 or Aurora kinase inhibitors in the kinase buffer (50 mM MOPS, pH 7.5, 10 mM MgCl 2 , 0.1 mM Na 3 VO 4 , 5 mM beta-glycerophosphate, 2 mM DTT), 10 mM ATP and 5 mCi [g 32 P]-ATP (10 mCi/ml, Beijing Furui Bioengineering), using 1 mg casein for Plk1 or Histone H1 or H3 for Aurora A as substrates. The reactions were incubated at 301C for 30 min, 33 and the phosphorylated proteins were separated in SDS-PAGE and visualized by autoradiography. Alternatively, kinase activities were measured by using the Kinase-Glo Max Luminescent Kinase Assay Kit (Promega, V6071), using peptide DDLLEDSFADEDE according to the manufacturer's protocols. 34 Isothermal Titration Calorimetry ITC experiments were performed with the MicroCal iTC200 titration calorimeter (Northampton, MA). Plk1 kinase domain proteins (15 mM) and CBB2001 (250 mM) were preserved in 50 mM Tris at pH 7.4, 500 mM NaCl and 1 mM DTT, 1% DMSO. Titrations were carried out at 251C with a stirring speed of 300 r.p.m. and a 120-s duration between each 2 ml injection. Parallel experiments were performed by injecting CBB2001 into the buffer to determine heats of dilution, which were subtracted from their respective titrations in the final figure.
Mouse Xenograft Models
Athymic nude mice (BALB/cASlac-nu) were obtained from Shanghai Slac Laboratory Animal, Chinese Academy of Sciences, with licensing number of SCXK-2007-0005. Mice were maintained in isolated bio-safety facility for specific pathogen free (SPF) animals. All operations were carried out in accordance with the National Standard of Animal Care and Use Procedures (20080820). For tumor suppression assays using the mouse xenograft model, 35 actively growing human HeLa or A2780 cells were trypsinized, harvested and resuspended in DMEM or RPMI-1640, respectively. 1 Â 10 6 cells in 100 ml volume were injected s.c. into the flanks of female athymic nude mice (5 weeks old). After 10-15 days when the tumor volume was about 100-150 mm 3 , animals were randomized into groups of five for drug studies. CBB2001 (25 mg/kg) was i.p. injected once every 2 days starting on day 0. Tumor volumes were measured by calipers (accuracy of 0.02 mm) every other day and calculated using the equation V ¼ (L ÂW 2 )/2, in which L and W refer to the larger and smaller dimensions. Each tumor was independently measured and calculated by changes in volume (folds) relative to day 0. Statistical significances between groups were tested by one-way analysis of variance.
RESULTS

CBB2001 Efficiently Inhibits the Kinase Activity of Plk1
To examine the function and regulation of Plk1, we developed a new thiazole derived chemical named CBB2001, an ATP analog, which is designed to properly dock into the kinase-pocket of Plk1 27, 36, 37 ( Figures 1A and B , Supplementary Figure S2A ). CBB2001 docks to the hinge region of ATP binding pocket of Plk1, through two hydrogen bonds from benzimidazole to the NH backone of Cys 133 and the amino group of the benzene ring to the main chain carbonyl of Leu 59. These interactions place the benzimidazole and thiazole groups of CBB2001 in the adenine and ribose portion of the ATP pocket in Plk1. Binding affinity is further enhanced by two p-p stacking interactions. One is between Phe 183 and the benzimidazole group of CBB2001, and the other is between Phe 183 and the chlorophenyl group of CBB2001. Calculation of the docking model showed a binding free energy of DG ¼ À 9.7 kcal/mol. The synthetic routes of CBB2001 were shown in Supplementary Figure S1 . 38 The isothermal titrations were performed to measure the binding energy and a value of À 6.70 kcal/mol was obtained (Supplementary Figure S2C ). As Plk1 kinase domain is very flexible and easy to precipitate, 39 the measurement confirmed that CBB2001 is a novel small molecule that interacts with the kinase domain of Plk1 with high affinity.
We analyzed the in vitro inhibitory effects of CBB2001 on Plk1 kinase, as well as that of other two reported Plk1 inhibitors, ON01910, a non-ATP competitive compound, and LFM-A13, a leflunomide metabolite analog ( Figure 1A ). We found that CBB2001 completely inhibited the Plk1 kinase activity at 0.8 mM, with an IC 50 of 0.39 mM, while LFM-A13 showed slight inhibition at 10 mM, whereas ON01910 did not have any detectable inhibitory effects on Plk1 under the same conditions ( Figure 1C ). These data indicate that CBB2001 exhibits more effective inhibition on Plk1 in vitro than that of LFM-A13 and ON01910.
As CBB2001 is designed as an ATP analog and the concentration of ATP in living cells is in the millimolar range, we carried out an ATP competition assay to test the affinity of CBB2001 towards Plk1. As shown in Figure 1D , CBB2001 displayed a high affinity towards Plk1 with an IC 50 of 0.25 mM in the presence of 0.5 mM ATP. Even in the presence of 1 mM ATP, the inhibitory activity of CBB2001 was only reduced less than two-folds, with an IC 50 of 0.4 mM. These studies suggest that CBB2001 is an effective Plk1 inhibitor that targets at the kinase domain of Plk1 ( Figure 1D and Supplementary Figure S3A) . Because of the structural similarity of the kinase-pocket between mitotic kinases, we tested whether CBB2001 has any inhibitory effects on other two mitotic kinases, Aurora A and CDK2. We found that CBB2001 did not show detectable inhibitory activity on the recombinant Aurora A kinase, even at 10 mM, using either histone H1 and H3 as substrates, while Aurora kinase inhibitor VX680 can inhibit the activity of Aurora A kinase at 1-2 mM ( Figure 1E ). Conversely, our analyses also showed that Aurora kinase inhibitors VX680 and ZM447439 did not have any detectable inhibitory activities towards Plk1 ( Figure 1C ). Further analyses revealed that CBB2001 has minimum effects on both Aurora A kinase and CDK2, with an IC 50 of 85.2 mM for Aurora A and 150.5 mM for CDK2, respectively, (Figures 1D, E and Supplementary Figure S3B) . Our studies thus indicate that CBB2001 is a specific chemical inhibitor for Plk1, which displays a better inhibitory activity than that of previously reported Plk1 inhibitors, LFM-A13 and ON01910.
CBB2001 Induces Cell Cycle Arrest and Formation of Mitotic 'Polo' Cells in Cancer Cells
To analyze the effects of the new Plk1 inhibitor in cancer cells, HeLa cells were initially treated with increasing concentrations of CBB2001 for 16 h. This treatment led to the increased mitotic arrest with many cells displaying a mitotic Figure S5) , suggesting CBB2001 specifically inhibits Plk1 in HeLa cells. However, although ON01910 and LFM-A13 have been used as PLK1 inhibitors, we found ON01910 can induce the similar mitotic 'polo' cells only at much higher concentrations (45 mM) while LFM-A13 did not produce any 'polo' effect even at 10 mM (Figure 2b ). Quantitative analyses indicate that CBB2001 is more specific and effective to inhibit Plk1 activity in vivo to induce mitotic cell cycle arrest with the 'polo' cells phenotypes (EC 50 of 0.32 mM), as compared with that of ON01910 (EC 50 ¼ 5.75 mM) in HeLa cells (Figure 2c) .
As Aurora kinases were reported to phosphorylate Plk1 at threonine 210 (T210) and such a modification activates the Plk1 kinase activity, we also examined the effects of various concentrations of Aurora kinase inhibitors VX680 and ZM447439 in HeLa cells. Although inhibition of Aurora kinases by VX680 or ZM447439 was sufficient to arrest cells in the G 2 phase at low concentrations (Supplementary Figure S6) , these Aurora kinase inhibitors induced much less 'polo' cells, as compared with that of CBB2001. Our analysis indicates that while CBB2001 is specific for Plk1 inhibition in vivo, the activity of Plk1 may be partially affected by the Aurora kinase inhibitors. The differences in the phenotypes caused by Plk1 and Aurora kinase inhibitors suggest that these two kinases have temporally distinct functions in the cell cycle.
CBB2001 Inhibits the Growth of Various Cancer Cells and Prevents Tumor Growth in Mouse Xenograft Models
Plk1 has been shown to be an excellent target in cancer therapy as it is overexpressed in a variety of human cancers, which is often associated with poor prognosis and low overall survival. To further evaluate the application of CBB2001 as a potential anti-cancer agent, we examined whether the new Plk1 inhibitor can block the growth of cancer cells derived from other types of cancers. A panel of cancer cell lines derived from different types of human or mouse cancers, including ovarian, breast and lung carcinomas as listed in Supplementary Table S1 , were tested to examine the growth inhibitory activities of CBB2001 (Figure 3 ). Our studies revealed that CBB2001 caused the G2/M cell arrest associated with the mitotic 'polo' phenotype in all of these cancer cells Table S2 ). To determine whether CBB2001 has similar effects on normal non-transformed cells, we tested the effects of CBB2001 on human normal hepatic QSG-7701 cells and MEF (Figures 4a-c) . We found that both QSG-7701 and MEF were less sensitive to CBB2001 than HeLa cells for the induction of the G 2 /M-phase arrest and the mitotic 'polo' cells (Figure 4c ). We also examined the growth inhibition effects of CBB2001 on additional human normal hepatocyte QSG-7701 and Chang liver cells, as well as mouse normal liver NCTC1469 cells by using MTT assays. All of these normal cells showed less sensitivity to CBB2001, with Table S2 ). These studies suggest that non-transformed cells are less sensitive to CBB2001.
To assess whether CBB2001 exhibits anti-tumor activities in animals, we further examined the effects of CBB2001 on the mouse tumor xenograft models. Although inoculation of HeLa or A2780 cells induced tumor formation in the immunodeficient (nude) mice (Figure 5b ), the tumors in both xenograft models show remarkably growth inhibition after the treatment of CBB2001 (25 mg/kg), but not vehicle control (Figure 5b ), indicating the potential use of CBB2001 as an anti-tumor chemical through the inhibition of Plk1.
CBB2001 Induces Accumulation of Plk1 and Geminin Proteins in Mitotic Arrested Cells
To further analyze the effects of Plk1 inhibitors at the molecular level, we monitored several cell cycle related proteins in their response to Plk1 inhibitors. Treatment with increasing concentrations of CBB2001 from 0.001 to 1 mM (Figure 6a ) led to the gradual accumulation of total Plk1 protein and a modified Geminin protein (Figures 6b and c) , which migrates in SDS-PAGE protein gel at a slower mobility than that of the majority of Geminin. However, ON01910 and LFM-A13 did not induce similar accumulation of Plk1 protein and modified Geminin at these concentrations (Figure 6b) . Consistent with the notion that CBB2001 specifically inhibited Plk1 activity in vivo and in vitro, ablation of Plk1 expression by small RNA interferences also led to the accumulation of the modified Geminin protein (Supplementary Figure S5A) . Thus, our studies revealed that the accumulation of Plk1 and modified Geminin proteins may serve as molecular indicators for the cellular inhibition of Plk1. Using these sensitive assays, CBB2001 showed an EC 50 (Half Maximal Effective Concentration) of 0.43 mM for the appearance of the modified Geminin or 0.61 mM for Plk1 protein accumulation (Figure 6c ).
Aurora Kinase Inhibitors Do Not Phenocopy the Inhibition of Plk1 Activity in Mitosis
Aurora kinases have been shown to phosphorylate T210 in Plk1, which can be monitored by a Plk1 phospho-T210-specific antibody, during the cell cycle progression from the G 2 phase to mitosis, leading to the activation of the kinase activity of Plk1. In our experiments, we found that while inhibition of both Plk1 and Aurora kinases caused the G2/M cell cycle arrest, the percentages of mitotic 'polo' cells induced by Aurora kinase inhibitors appeared to be obviously less than that of our new Plk1 inhibitor CBB2001. Using the accumulation of Plk1 and the modified Geminin proteins as a marker for Plk1 inactivation by CBB2001 and Plk1-specific siRNA/shRNA, treatment of HeLa cells with Aurora kinase inhibitors VX680 and ZM447439 did not cause the accumulation of both proteins (Figure 6b ), suggesting that Aurora kinase inhibitors did not arrest cancer cells at the same cell cycle stages as that of inactivation of Plk1 even through Aurora kinases can activate Plk1. To further analyze the regulation of Plk1 phosphorylation at T210 at different stages during mitosis, HeLa cells were first synchronized by the double thymidine block to arrest cells at the G1/S border. 25 As the synchronized cells were released into fresh medium, the cells were treated with nocodazole for 16 h to allow them to progress through S, G2, and to arrest the cell cycle in midmitosis (meta-phase). To monitor the effects of CBB2001 and Aurora kinase inhibitors, we added these kinase inhibitors in the last 4 h during the nocodazole treatment. 25 Surprisingly, we found that treatment of nocodazole-arrested mtiotic cells with Aurora kinase inhibitors VX680 and ZM447439 at 1 and 2 mM, which effectively inhibit Aurora kinase activity ( Figure 1E ), did not affect the phosphorylation status of Plk1 at T210 (Figure 7a ). Similar results were obtained when the nocodazole-treated mitotic cells were shaken off and replated into nocodazole-containing to ensure the cells are in meta-phase (Figure 7b ). In addition, while the mitotic modified and accumulated form of Geminin is insensitive to Plk1 inhibitors CBB2001, ON01910 or LFM-A13, it decreased after the treatment with Aurora kinase inhibitor VX680 (Figures 7a and b) , suggesting that Aurora kinase inhibitors are still active but they do not affect the T210 phosphorylation in Plk1 while the cells are still arrested in mid-mitosis.
To further investigate the effects of CBB2001 and Aurora kinase inhibitors, the G1/S arrested cells or serum-starved cells were released into fresh media containing CBB2001 or VX680. The cells were allowed to progress through S and G2 phases in the presence of inhibitors for 12 h. In this case, the phosphorylation of Plk1 at T210 is inhibited by VX680, but this inhibitory effect of VX680 was incomplete (Figure 7c) , even when the concentrations of VX680 were 1-2 mM, which are sufficient to inhibit Aurora kinases in the in vitro assay ( Figure 1E ). These studies suggest that Aurora kinases may only partially be responsible for the phosphorylation of T210 and the activation of Plk1 during the S phase progression into G 2 /M but not in nocodazole-arrested mitotic cells. Interestingly, we found that treatment of CBB2001 up to 2 mM can inhibit the phosphorylation of T210 in Plk1, raising the possibility that Plk1 itself or other kinases, may phosphorylate T210. However, further experiments are required to verify this possibility.
Inhibition of Plk1 by CBB2001 Delays Mitotic Exit
It was reported that Plk1 is required for the activation of the APC/C ubiquitin E3 ligase complex. [1] [2] [3] To further analyze the regulation of Plk1 using the Plk1 inhibitory chemicals during mid-mitosis to the exit of mitosis, we monitored several reported APC/C substrates. The nocodazole-arrested mitotic cells were removed by mitotic shake-off, washed and replated into fresh culture medium. This process allows the mitotic arrested cells to finish mitosis and to progress towards the exit of mitosis, which is associated with the degradation of many APC/C substrates. 40, 41 Consistently, we found that the removal of nocodazole from the mitotic arrested cells led to the proteolysis of APC/C substrates Geminin, Cyclin B1 and Aurora A in a time-dependent process. Treatment of Plk1 inhibitor CBB2001 can significantly delay the degradation of Geminin, Cyclin B1 and Aurora A during the mitotic exit, suggesting that Plk1 is required for the exit of mitosis from mitotic arrested cells (Figure 8 ). The removal of Geminin, Cyclin B1 and Aurora A can be monitored by western blotting and quantified by the grayscale density of protein bands (Figure 8c ). In cells that are exiting mitosis, there are again no significant effects on the phosphorylation of T210 in Plk1 after treatment of Aurora kinase inhibitors (Supplementary Figure S7) . Aurora kinase inhibitors also did not have significant effects on the degradation of APC/C substrates (Supplementary Figure S7) . These results indicate that there is substantial difference in the inhibitory effects of Plk1 and Aurora kinase inhibitors during the cell cycle progression from mitosis to the exit of mitosis.
DISCUSSION
Plk1 is a key kinase that regulates centrosome maturation, spindle assembly, chromosome condensation and segregation, and cytokinesis. It is overexpressed in many cancers and serves as a target for cancer therapy. In addition, the unique kinase structure of Plk1 and its regulatory mechanisms provide the molecular basis for designing various chemical inhibitors. Both ATP analogs and non-ATP compounds have been developed as Plk1 kinase inhibitors that were used to dissect its function in the cell cycle or serve as potential anticancer chemicals in clinical trials. 33 In this study, we have developed a new Plk1 inhibitor, CBB2001, to explore the regulation of mitosis by Plk1 and cellular phenotypes of Plk1 inhibition. Our results indicate that CBB2001 displays an excellent inhibitory effect on Plk1 kinase activity both in vitro and in vivo, compared with that of other reported Plk1 inhibitors such as LFM-A13 or ON01910. CBB2001 inhibits Plk1 activity in cultured cells and induces mitotic 'polo' phenotype of cells, as well as the accumulation of Plk1 and Geminin proteins, which are distinct from that of the inhibition of Aurora kinases. Our studies suggest that the accumulation of Plk1 and Geminin proteins can be used to quantitatively characterize the inhibitory activity of CBB2001 to Plk1 in vivo. Moreover, mitotic inhibition of Plk1 mediated by CBB2001 delays the mitosis exit. Interestingly, the degradation of Geminin, one of the APC/C substrates, is delayed by mitotic inhibition of Plk1, which may serve as an excellent biomaker for PLK1 inhibition by CBB2001, as well as other Plk1 inhibitory chemicals.
Most remarkably, our studies suggest that the phosphorylation of T210 and Plk1 activation in mid-to-late mitosis and during mitotic exit appears to be insensitive to Aurora kinase inhibitors. As Aurora kinases have been shown to phosphorylate T210 in Plk1 during the cell cycle progression from the G 2 phase to mitosis, our evidence suggests that additional regulatory mechanisms exist in cells in mid-and later mitosis to maintain the phosphorylation status of T210 and the activity of Plk1. As the expression of both Plk1 and Aurora kinases are altered in many human cancers, our work suggests that Plk1 and Aurora kinases serve as excellent and independent targets for cancer therapy. HeLa cells were arrested in mitosis by sequential treatment of thymidine (2 mM) and nocodazole (50 ng/ml) as described in Figure 6a . The mitotic cells were shaken off and replated into fresh medium without nocodazole but with DMSO (control), or with 1 mM of CBB2001 (a) or other Plk1 inhibitors ON01910 (10 mM) and LFM-A13 (10 mM) (b) as indicated. The cells were harvested at various time points after nocodazole release and the proteins were analyzed by western blotting using specific antibodies. (c) Efficiency of Plk1 kinase inhibitory chemicals on mitotic exit was quantified by protein removal of Geminin, Cyclin B1 and Aurora A in cells as experiments in (a), (b). Protein levels were characterized by grayscale density of bands and transferred to normalized ratio for graphing.
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